Self-assembled monolayer (SAM) technology provides a powerful tool at the frontiers of many sciences. [1] [2] [3] [4] Among certain advantages of this technique, self-assembly has developed into a reproducible and robust method for fabricating immobilized chemical or biological molecule layers and can control the distribution and orientation of the immobilized species.
Nile Blue (NB) is a phenoxiazine dye that has shown very promising properties as a redox catalyst. NB can adsorb strongly on the electrode surface and is usually used for chemically modified electrodes. Gorton's group has extensively investigated the electrochemical properties of NB adsorbed on the electrodes of different materials, such as graphite, 9 glassy carbon 10 and amorphous zirconium phosphate 11, 12 for the purpose of electrocatalytic NADH oxidation. Many articles have been published on electropolymerized NB for electrocatalytic oxidation of NADH [13] [14] [15] and reduction of hemoglobin. 16 In a recent work, NB was immobilized on an electrode by self-assembly for the amperometric determination of hemoglobin. 17 NADH-dependent dehydrogenases constitute the largest group, including almost 500 redox enzymes. These enzymes catalyze oxidation of a great number of metabolites. The direct oxidation of NADH at electrodes of common materials occurs at an overvoltage of about 1 V, sometimes with high irreversibility or fouling of reaction. 18 A mediated electron transfer was achieved at chemically modified electrodes prepared by adsorption or polymerization of NB on the electrode surface. [9] [10] [11] [12] [13] [14] [15] The results indicated special features of NB, such as stability and a high reaction rate with NADH at low potentials, which may be helpful for fabricating sensors using NADH in conjugation with enzymatic analysis. 19 HRP is one of the most widely used enzymes for the analytical purposes and as biosensors in particular. 20 HRP immobilized on electrode surfaces and capable of direct electron transfer without the addition of any mediator gives the opportunity for creation of mediatorless biosensors for peroxide 21, 22 and other metabolites if combined with oxidase enzymes, e.g. glucose oxidase, lysinoxidase. 23 However, direct electron transfer of HRP in the absence of mediator is known to exhibit low efficiency. 24, 25 The reasons for that are likely to include the heme moiety being buried inside the enzyme structure, possibly in combination with unfavorable orientation of the molecule at the electrode, resulting in the long electron transfer distance to the electrode surface. So the mediated electron transfer approaches have been used for biosensors based on coupling HRP with the modified electrodes. 26, 27 In the present work, the electrochemical behavior of NB immobilized on a thiol-assembled gold electrode has been investigated, the properties of electrocatalytic oxidation of NADH and reduction of HRP by NB are determined, and a hydrogen peroxide biosensor based on NB as a mediator is demonstrated.
Experimental

Reagents
NB and 3-mercaptopropanic acid were obtained from Fluck. NADH was purchased from Roche. HRP (ratio of A403nm/A280nm, RZ = 3.1, where A is absorbance) from Dongfeng Biotechnology Co., LTD. (Shanghai, China) was used as received. NHydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC) were supplied by Sigma. Other chemicals were of analytical grade. Stock H2O2 solution was freshly diluted from 30% solution and its concentration was determined by titration with potassium permanganate standard solution. Phosphate buffer solution (PBS) was prepared with 0.1 M KH2PO4 and 0.1 M NaOH. Water used was doubly distilled and additionally sterilized. The actual concentrations of NADH and HRP were measured by UV-Vis with these extinction coefficients: ε340 = 6600 M -1 cm -1 and ε400 = 102000 M -1 cm -1 , respectively.
Apparatus and procedure
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were carried out with a computer-controlled electrochemistry workstation (CHI, USA). An electrochemical cell (volume approximately 400 µL) with two standard compartments and a conventional three-electrode configuration was used for all electrochemical experiments. The threeelectrode configuration was composed of an NB-modified gold working electrode (CHI, Φ2 mm), a saturated calomel reference electrode (SCE) immersed in the electrolyte via a Luggin capillary situated at the working electrode and a platinum gauze counter electrode. The buffers were purged with high purity nitrogen for 20 min prior to experiments and a nitrogen atmosphere was kept during all the experiments. All potential values given below were with respect to the SCE.
Preparation of NB/SAM/Au electrodes
The area (0.039 ± 0.005 cm 2 ) of gold electrodes was determined from the charge associated with gold oxide reduction in 1 M H2SO4. The NB-modified gold electrodes were prepared as described previously. 17 In brief, gold electrodes were first polished with 0.05 µm alumina polishing suspension (Buehler) and then cleaned ultrasonically in acetone and water for 3 min each. The freshly polished electrodes were scanned over the potential range of 0.0 V to +1.57 V (vs. SCE) in 1 M H2SO4 until a constant voltammogram was obtained. After rinsing with water thoroughly, the cleaned electrode was immersed in a 10 mM 3-mercaptopropanic acid solution for 12 h, followed by rinsing with water. Then 20 µL mixed solution of respective 100 mg/ml NHS and EDAC was dropped onto the electrode surface, and kept in a humid environment for 30 min. The surface was then rinsed with water and immersed in ethanol:PBS (pH = 8.0) = 3:2 (v/v) solution containing 1 mg/mL NB for 5 h at room temperature, and again rinsed with water. The modified gold electrode is denoted as NB/SAM/Au in the text. A bare gold electrode immersed in 1 mg/mL NB solution for 5 h at room temperature, denoted as NB/Au, was used for control experiments.
Preparation of HRP/NB/SAM/Au electrodes
To immobilize HRP, 10 µL of solution containing HRP (0.15 mM) and BSA (1 mg/mL) was loaded on the NB/SAM/Au electrode surface, and then the electrode was kept in a desiccator with a beaker of 25% glutaric dialdehyde aqueous solution for 15 min at room temperature, and finally was rinsed with water.
The resulting electrode, denoted as HRP/NB/SAM/Au, was stored in 10 mM pH 7.0 PBS at 4˚C when not in use.
Results and Discussion
Stability of the NB/SAM/Au
The stability of both the NB/SAM/Au and NB/Au was studied. Figures 1A and 1B were the cyclic voltammograms for the NB/SAM/Au and NB/Au, respectively. The symmetrical and well-defined cathodic and anodic peaks appeared, indicating that NB was present on the electrode surface in both cases. In the first cycle, both the cathodic and anodic peak current value of NB on NB/Au are twice those on NB/SAM/Au, suggesting that the density of NB on NB/Au is much more than that on NB/SAM/Au. A multilayer was formed by adsorption of NB on gold electrode surface. Similar behavior was found also for graphite electrodes. 11 The peak current at NB/SAM/Au decreased to a much smaller value than at NB/Au, implying that the elution of NB molecules from the NB/SAM/Au to aqueous solution was suppressed due to NB covalent immobilization on the electrode. After both the NB/SAM/Au and NB/Au were immersed in ethanol aqueous solution (1:1 v/v) for 30 min, the current peaks with NB/Au disappeared, whilst the peak current decreased by only 8% with NB/SAM/Au. In addition, the NB/SAM/Au was submitted to twenty cycles after every 2 h during one day, over a potential range of -0.6 V to 0 V at a scan rate of 20 mV s -1 , without observable decrease in peak current during the experiments. These indicated that an amide bond forms between -NH2 group of NB molecule and the terminal group (-COOH) of self-monolayer modified electrode, as described elsewhere, 17 hydrophobic interaction between NB and bare Au electrode surface, from which NB could easily to get into the solution.
Electrochemical properties of NB/SAM/Au
The bonded NB exhibited an electrochemically reversible redox with the cathodic peak potential Epc = -0.434 V and the anodic peak potential Epa = -0.343 V at a scan rate of 20 mV s -1 , in 0.1 M pH 7.0 PBS. Under the same conditions, the cathodic and the anodic peak potential of adsorbed NB were located at -0.418 V and -0.356 V, respectively. The value of peak potential separation (62 mV) is smaller than that (91 mV) of the NB covalently bonded to the thiol-monolayer modified gold electrode. The formal potential E 0′ was evaluated by taking the mean value of the cathodic and anodic peak potentials, e.g. E 0′ = (Epc + Epa)/2. An E 0′ of -0.388 V obtained is lower than the reported standard redox potential for NB in solution. 28 In previous studies, with the use of several electrode materials, the E 0′ values of NB are different ( Table 1 ). The different electrochemical and electrocatalytic properties of NB when using different supports suggest that there are special interactions between the functional groups of NB molecule and the electrode surface. 12 In addition, the formal potentials of the derivatives of NB are different from those of the parent structure of NB. 12 In this case, NB is covalently bonded to the self-monolayer modified gold electrode surface through an amide bond, which changes the structure of NB.
Both Ipc and Ipa for NB/SAM/Au depended linearly on the scan rate over the range of 50 -1000 mV s -1 (Fig. 2) , as would be expected for surface-controlled but not diffusion-controlled electrode processes. Moreover, the Epc and Epa values also depended on the scan rate. The Epc shifted negative and the Epa positive. At 20 mV s -1 , the peak separation (∆Ep = Epa -Epc) of NB/SAM/Au was 91 mV, larger than that of NB/Au (62 mV) under the same conditions.
The charge transfer constant (κs) was obtained from peak-topeak separation in cyclic voltammograms, following Laviron's approach. 29 For NB/SAM/Au, κs = 19 s -1 was obtained in 0.1 M pH 7.0 PBS, which was smaller than that (κs = 31 s -1 ) of NB/Au and that (κs = 31 s -1 ) of NB adsorbed on zirconium phosphate. 10 The results indicated that the electron transfer distance increased between the NB molecules and the NB/SAM/Au surface due to the formation of covalent bond, compared to that for the adsorbed NB. Consequently the dynamic processes of the electrode reactions became slower.
According to the following equations: Q = nFΓA and Ip = n 2 F 2 ΓAν/4RT, the apparent surface coverage (Γ = 6.42 × 10 -11 mol cm -2 ) of NB and the electron transfer number (n = 1.92) were estimated from the integration of the cathodic peak area, implying that the monolayer of NB molecules was formed on the surface of the NB/SAM/Au. 17 With increasing pH, both Epc and Epa of NB shifted negative and the value of ∆Ep increased, suggesting that the change in pH affected both the reduction and the oxidation processes. Two linear segments were found for NB on NB/SAM/Au with slope values of -57 mV/pH and -28 mV/pH in the range of pH 4.0 -5.5 and pH 5.5 -7.0, respectively, as displayed in Fig. 3 . The redox reactions in aqueous solution for phenazine, phenothiazine and phenoxzine compounds occur with the participation of two electrons. 28 The total number of protons that also participates in the redox process of an azine compound may vary in accordance with the pH range. Depending on the number of protons taking part in the redox process with two electron transfer, the E 0′ will shift by -90 mV/pH (3H + ), -60 mV/pH(2H + ) or -30 mV/pH(1H + ). 9 So there are two protons transferred in the redox reaction in the range of pH 4.0 -5.5, and one proton in the range of pH 5.5 -7.0. Thus, the following mechanisms are suggested (Scheme 1). 12 
Catalytic oxidation of NADH on the NB/SAM/Au
Two pairs of redox peaks were observed in the cyclic voltammograms of NB/SAM/Au (Fig. 4A) .
The formal potentials were -0.464 V (couple I) and 0.179 V (couple II), respectively in 0.1 M pH 7.0 PBS at a scan rate of 20 mV s -1 . The value of current present from peak I is larger than that from peak II. In the presence of NADH, the catalytic current peak of NADH oxidation appeared at the potential of peak II while the anodic currents for the redox peak I remained unchanged ( 4B). The results implied that a stable intermediate generated on the electrode surface was functioning as a mediator to oxide NADH. This has been observed in other catalytic systems where NB polymerized on the glassy carbon electrode surface. 13, 14 But in the case of NB adsorbed on the glassy carbon electrode surface, 12 a catalytic current peak was observed near 0.0 V in the presence of NADH although no redox peak of NB appeared at this potential in the absence of NADH. The observation suggested that an NB-NADH complex was formed and the catalytic peak appeared at the same potential as that of the complex oxidation. All the above results indicate that NB immobilized on the electrode surfaces by different methods exhibited different states, possessing different electrochemical and electrocatalytic properties.
The proposed mechanism for the mediated oxidation of NADH is as follows: Figure 5A displays the cyclic voltammograms of the NB/SAM/Au in 0.1 M pH 7.0 PBS in the absence of (curve a) and presence of HRP (curve b), and in the presence of both HRP and H2O2 (curve c). A pair of well-behaved and stable redox peaks of immobilized NB was obtained in the potential range of -0.6 V to 0.0 V. The cathodic current increased a little when HRP was added into the solution, due to the catalytic reduction of HRP at NB/SAM/Au. The cathodic current dramatically increased upon H2O2 addition, while the anodic peak current clearly decreased and the peak potential shifted positively due to the catalytic reduction of H2O2. Similar observations were obtained at HRP/NB/SAM/Au in the absence of and presence of H2O2 (Fig. 5B) , indicating that H2O2 could be biocatalytically reduced at HRP/NB/SAM/Au.
Determination of hydrogen peroxide at HRP/NB/SAM/Au
The dependence of the response of HRP/NB/SAM/Au to H2O2 on pH was examined (Fig. 6) . The plot represents that the optimal response occurred near pH 7.0, possibly this value may be relevant to the biologic properties of HRP and the electrochemical characteristics of NB. The high activity of HRP can be guaranteed in the catalytic oxidation/reduction cycle at the neutral pH. As for NB, the E 0′ depended on pH, and it was around the peak potentials of the NB near pH 7.0 that catalytic reduction of oxidized HRP occurred. Moreover just one proton, rather than two, transferred in the electrochemical reaction of NB near pH 7.0, such a process is also suitable for the H2O2 reduction. The proposed mechanism of catalytic electroreduction of H2O2 at the HRP/NB/SAM/Au is as follows: The lifetime of the HRP/NB/SAM/Au sensing to H2O2 was monitored by CV every day. The electrode was used for at least five days, with the catalytic current decreasing by only 8%. After two weeks the current of H2O2 reduction could no longer be observed, due to a gradual loss of HRP activity.
To examine possible interference, some compounds such as ascorbic acid and uric acid were mixed into 0.092 mM H2O2 standard solution. The CV reduction current of the mixed samples containing 0.025 M ascorbic acid or uric acid remained the same as that of the standard, suggesting that these substances do not interfere with the determination of H2O2 under the conditions used.
Conclusion
NB, covalently immobilized on the self-assembled thiolmonolayer modified gold electrode, presented a reversible redox reaction.
The NB modified electrodes show excellent electrocatalytic activity toward NADH oxidation and can also function as an electrode shuttle between immobilized HRP and gold substrate. A hydrogen peroxide biosensor, based on the efficient electron transfer from HRP to the immobilized NB, was characterized as possessive high sensitivity and selectivity and long lifetime. Moreover, this method could also be used for immobilization of other azine compounds with one or more-NH2 groups such as thionine, neutral red, toluidine blue O and Brilliant cresyl blue, on the electrode surface. ANALYTICAL SCIENCES DECEMBER 2002, VOL. 18 
